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Introduction
As nascent polypeptides enter the ER lumenal space, N-linked glycans modify asparaginyl residues in the context Asn-XaaSer/Thr (Kornfeld and Kornfeld, 1985) . This is catalyzed by oligosaccharyltransferase (OT), which transfers a preformed oligosaccharide unit, glucose 3 mannose 9 GlcNAc 2 (G 3 M 9 Gn 2 ), from the lipid-linked oligosaccharide (LLO) glucose 3 mannose 9 N-acetylglucosamine 2 -P-P-dolichol (G 3 M 9 Gn 2 -P-P-Dol). Synthesis of G 3 M 9 Gn 2 -P-P-Dol starts with dolichol-P (Dol-P), and sequentially requires 2 residues of GlcNAc from UDP-GlcNAc (the first transfer also forming the pyrophosphate linkage), 5 residues of mannose from GDP-mannose, 4 residues of mannose from mannose-P-Dol (synthesized from Dol-P and GDPmannose), and 3 residues of glucose from glucose-P-Dol (synthesized from Dol-P and UDP-glucose). During biosynthesis, Dol-P and G 3 M 9 Gn 2 -P-P-Dol are oriented at the cytoplas mic and lumenal faces, respectively, of the ER membrane, with fl ipping of the key intermediate M 5 Gn 2 -P-P-Dol (Snider and Rogers, 1984; Helenius et al., 2002) . Upon transfer of G 3 M 9 Gn 2 by OT, Dol-P-P is released, and is recycled to Dol-P for additional rounds of glycosylation (Schenk et al., 2001) .
N-linked G 3 M 9 Gn 2 is sequentially digested by ER glucosidases and mannosidases to generate high-mannose processing intermediates with functions in protein folding, quality control, and degradation (Sayeed and Ng, 2005; van Anken and Braakman, 2005) . Inhibition of LLO synthesis by tunicamycin, accumulation of LLO intermediates such as M 2-6 Gn 2 -P-P-Dol caused by glucose deprivation, mutations affecting mannosyl precursor synthesis, and interference with ER-processing glycosidases all disturb ER homeostasis (Lehrman, 2006) . To minimize damage, mitigate the source of stress, and restore ER homeostasis to normal, the resulting ER stress activates a set of coordinated signals known collectively as the unfolded protein response (UPR). UPR signaling uses resident ER membrane proteins Translation attenuation by PERK balances ER glycoprotein synthesis with lipid-linked oligosaccharide fl ux Jie Shang, 1 Ningguo Gao, 1 Randal J. Kaufman, 2 David Ron, 3, 4, 5 Heather P. Harding, 3, 6 and Mark A. Lehrman ndoplasmic reticulum (ER) homeostasis requires transfer and subsequent processing of the glycan Glc 3 Man 9 GlcNAc 2 (G 3 M 9 Gn 2 ) from the lipid-linked oligosaccharide (LLO) glucose 3 mannose 9 N-acetylglucosamine 2 -P-P-dolichol (G 3 M 9 Gn 2 -P-P-Dol) to asparaginyl residues of nascent glycoprotein precursor polypeptides. However, it is unclear how the ER is protected against dysfunction from abnormal accumulation of LLO intermediates and aberrant N-glycosylation, as occurs in certain metabolic diseases. In metazoans phosphorylation of eukaryotic initiation factor 2α (eIF2α) on Ser 51 by PERK (PKR-like ER kinase), which is activated by ER stress, attenuates translation initiation. We use brief glucose deprivation to simulate LLO biosynthesis disorders, and show that attenuation of polypeptide synthesis by PERK promotes extension of LLO intermediates to G 3 M 9 Gn 2 -P-P-Dol under these substrate-limiting conditions, as well as counteract abnormal N-glycosylation. This simple mechanism requires eIF2α Ser 51 phosphorylation by PERK, and is mimicked by agents that stimulate cytoplasmic stress-responsive Ser 51 kinase activity. Thus, by sensing ER stress from defective glycosylation, PERK can restore ER homeostasis by balancing polypeptide synthesis with fl ux through the LLO pathway.
with lumenal stress-sensing domains that control activation of their respective cytoplasmic effector domains (Schröder and Kaufman, 2005) . Of particular signifi cance here, the cytoplasmic domain of the stress-sensor PKR-like ER kinase (PERK; Harding et al., 1999) , also termed PEK (Sood et al., 2000) , is a kinase activated by transautophosphorylation that phosphorylates eukaryotic initiation factor (eIF)-2α. The resultant eIF2α-P interferes with translation initiation, which is suffi cient to inhibit protein synthesis by 70-90% after robust ER stress. Importantly, translation attenuation by PERK reduces stress by diminishing the load of ER client protein (Harding et al., 2000b) .
Several lines of evidence suggest that metabolic defi ciencies affecting G 3 M 9 Gn 2 -P-P-Dol synthesis or N-linked glycosylation might be compensated for by ER stress responses, implying homeostatic adaptation (Lehrman, 2006) . The goal of this study was to investigate the potential role of PERK in such adaptation. To do so, we took advantage of the fact that, for many cell types normally maintained in physiological (≥4 mM) glucose, brief incubations with 0.3-0.5 mM glucose hinder conversion of undermannosylated LLO intermediates to G 3 M 9 Gn 2 -P-P-Dol. This is distinguished from the glucose-starvation effect, which requires glucose-free medium and causes a rather discrete shift from G 3 M 9 Gn 2 -P-P-Dol to M 5 Gn 2 -P-P-Dol (Chapman and Calhoun, 1988) . We focused on our prior fi nding that dermal fi broblasts incubated 20 min in medium with 0.5 mM glucose accumulated M 2-6 Gn 2 -P-P-Dol. Although the improperly glycosylated proteins that resulted were expected to compromise ER function, the treatment by itself was too brief to activate an ER stress response. Signifi cantly, ER stress induced by dithiothreitol (DTT), thapsigargin (TG), castanospermine, azetidine-2-carboxylic acid, or geldanamycin all restored G 3 M 9 Gn 2 -P-P-Dol levels in the fi broblasts to normal (Doerrler and Lehrman, 1999; Shang et al., 2002) . The underlying mechanism was not determined, although regulated glycogenolysis was later proposed (Gill et al., 2002) . The brief treatments used argued against considerable contributions of UPR transcriptional programs (Schröder and Kaufman, 2005) .
In this study, we identify a surprisingly simple protective mechanism by which the ER stress response modulates G 3 M 9 Gn 2 -P-P-Dol synthesis and N-linked glycosylation. It is known that ER stress from aberrant G 3 M 9 Gn 2 -P-P-Dol production activates PERK. PERK is shown to reduce LLO consumption by attenuating synthesis of glycoprotein precursor polypeptides. This facilitates extension of undermannosylated intermediates to G 3 M 9 Gn 2 -P-P-Dol, restoring correct N-linked glycosylation. In this way, PERK balances glycoprotein synthesis with LLO fl ux.
Results

Evaluation of G 3 M 9 Gn 2 -P-P-Dol synthesis
Most mammalian cells in conventional media containing physiological glucose concentrations synthesize G 3 M 9 Gn 2 -P-P-Dol effi ciently, a state we operationally term unrestricted LLO synthesis. However, as we already mentioned, brief incubations with low glucose concentrations can hinder extension of undermannosylated intermediates. We categorize conditions such as these, which impede extension of LLO intermediates, as restricted LLO synthesis (Fig. 1, A) . Consequently, the fl ux of LLO intermediates through the LLO pathway is reduced. We distinguish LLO fl ux from two other factors, LLO capacity (total LLO that can be synthesized, dependent on availability of Dol-P) and LLO consumption (dependent on transfer of glycan to polypeptide). Defi cits in neither capacity nor consumption would be expected to cause LLO intermediates to accumulate. As presented below, restricted conditions were used to determine whether ER stressactivated PERK could compensate for reduced LLO flux. (A) Hypothetical high-pressure liquid chromatograms of LLO glycans illustrate effi cient (unrestricted) synthesis of G 3 M 9 Gn 2 -P-P-Dol versus accumulation of M 2-7 Gn 2 -P-P-Dol intermediates under restricted conditions that simulate metabolic dysfunction. The dashed lines indicate the mannosyl residues that vary in the respective intermediates (Helenius and Aebi, 2004 As discussed in the Introduction, LLO synthesis in dermal fi broblasts is restricted with 0.5 mM glucose, and ER stress promotes extension of the accumulated LLO intermediates to G 3 M 9 Gn 2 -P-P-Dol. To simulate the contribution of translation attenuation by PERK during the ER stress response we used CHX. We found that mild treatment (4 μM; inhibiting protein synthesis by 25-30%; unpublished data) reduced accumulation of [ Gn 2 -P-P-Dol (Fig. 1 B) . Treatment with 100 μM CHX (inhibiting translation by ‫)%05ف‬ caused even greater enhancement, comparable to the effect of 2 mM DTT. Because CHX slows consumption of LLOs for protein N-glycosylation (Gao and Lehrman, 2002b) , we surmise that 4-100 μM CHX may have allowed more time for extension of LLO intermediates, thereby compensating for reduced fl ux. This also implicated translation attenuation by PERK as a key factor in the ER stress responsemediating extension of undermannosylated intermediates.
Specifi c activation of PERK's kinase activity drives extension of LLO intermediates
To assess PERK's potential contribution to LLO synthesis, the transfected CHO-K1 line "Fv2E-PERK" was used. This line expresses a cytoplasmic fusion protein with the PERK kinase domain joined to dual FKBP12-derived domains that bind AP20187, a cell-permeant bifunctional "dimerizer." Such fusion proteins are normally monomers, and are inactive. Addition of dimerizer oligomerizes the Fv2E-PERK fusion proteins, resulting in transautophosphorylation and activation of the kinase domains. The kinase domains then phosphorylate Ser 51 of eIF2α, inhibiting translation (Lu et al., 2004) .
AP20187 caused graded, regulated inhibition of protein synthesis in Fv2E-PERK transfectants, but not untransfected CHO-K1 cells (Fig. S1 , available at http://www.jcb.org/cgi/ content/full/jcb.200607007/DC1). We used 0.5 nM AP20187 (inhibiting protein synthesis by ‫)%53ف‬ to replicate translation attenuation expected to occur with moderate ER stress. Fv2E-PERK cells underwent restricted LLO synthesis when incubated in 0.3 mM glucose medium for 20 min (Fig. 2 A) , with AP20187 ( Fig. 2 B) causing a robust effect on extension of
Gn 2 -P-P-Dol (labeled x and y in Fig. 2 [C and D]) were sparse under restricted conditions (C), but were increased greatly by AP20187 (D). Thus, moderate translation attenuation by PERK was suffi cient to drive extension of LLO intermediates to G 3 M 9 Gn 2 -P-P-Dol, and reestablish correct N-linked glycosylation.
ER stress inducers failed to extend LLO intermediates in the absence of phosphorylatable eIF2
Compared with mouse embryonic fi broblasts (MEFs) expressing normal eIF2α (eIF2α
), MEFs with alanine substitutions at Ser 51 (eIF2α
) have greatly reduced translation attenuation in response to ER stress because Ser 51 is phosphorylated by PERK (Scheuner et al., 2001 ). Incubation of eIF2α S51/S51 or eIF2α A51/A51 MEFs with 0.3 mM glucose for 20 min resulted in restricted LLO synthesis (Fig. 3, A and E) . This provided an opportunity to formally demonstrate the role of eIF2α phosphorylation, and therefore translation attenuation, in stimulation of LLO intermediate extension by ER stress. We considered analogous experiments with PERK −/− MEFs, but reasonable conditions causing restricted LLO synthesis were not identifi ed (unpublished data). Rather, in these cells, glucose indicate N-linked glycans assigned the structures M 9 Gn 2 and G 1 M 9 Gn 2 , respectively, and thus derived from G 3 M 9 Gn 2 -P-P-Dol rather than undermannosylated LLO intermediates (Shang and Lehrman, 2004c) . Because of low [ deprivation diminished G 3 M 9 Gn 2 -P-P-Dol without accumulation of intermediates, with reversal by CHX (Fig. S2 (Fig. 3, B and C) . However, ER stress did not enhance extension in eIF2α A51/A51 MEFs (Fig. 3, F and G), although treatment with 20 μM CHX (Fig. 3, D and H) demonstrated that the LLO pathway in these cells could respond to translation attenuation. Splicing of XBP1 mRNA is mediated by IRE1, and is a quantitative measure of ER stress (Shang and Lehrman, 2004a) . Assays for this reaction verifi ed that TG and DTT caused robust ER stress with both MEF lines (Fig. 3 I) .
Hence, within the fi rst 30 min of the ER stress response, translation attenuation via eIF2α phosphorylation appears to be the only factor that signifi cantly stimulates extension of LLO intermediates in MEFs.
PERK's kinase activity during the ER stress response inhibits G 3 M 9 Gn 2 -P-P-Dol consumption Ostensibly, PERK could aid LLO synthesis if a labile protein inhibited the pathway, or if a stimulatory protein was made upon attenuation of translation initiation (Harding et al., 2000a) . However, another explanation comes from work by Hubbard and Robbins (1980) , which was extended by us (Gao and Lehrman, 2002b) , showing that under unrestricted conditions of LLO synthesis, the translation inhibitors CHX and puromycin prevent synthesis of [ 3 H]mannose-labeled G 3 M 9 Gn 2 -P-P-Dol. This is because G 3 M 9 Gn 2 -P-P-Dol consumption is inhibited in the absence of nascent glycoprotein precursor polypeptides, and the G 3 M 9 Gn 2 -P-P-Dol pool does not turn over. Consequently, Dol-P is not regenerated, so new LLO cannot be made with [ 3 H]mannose. Thus, the results shown in Figs. 1-3 (under restricted conditions) may be explained by slowed LLO consumption, with more time for extension of undermannosylated intermediates to G 3 M 9 Gn 2 -P-P-Dol. Two types of measurements were required to determine whether ER stress slows G 3 M 9 Gn 2 -P-P-Dol consumption. For inhibition of G 3 M 9 Gn 2 -P-P-Dol synthesis, metabolic labeling with [
3 H]mannose was used. In parallel, to detect unlabeled G 3 M 9 Gn 2 -P-P-Dol, we used fl uorophore-assisted carbohydrate electrophoresis (FACE), by which glycans cleaved from LLOs are tagged at their reducing termini with the anionic fl uorophore 7-amino-1,3-naphthalenedisulfonic acid (ANDS; Gao and Lehrman, 2002a) . The negatively charged ANDS-glycan conjugates can be separated by electrophoresis with a high-percentage and eIF2α A51/A51 samples in this fi gure (A and E) and in Fig. 9 are unknown. mRNA samples corresponding to experiments in A-H were tested for splicing of XBP1 mRNA (I). Spliced (XBP1 S ), unspliced (XBP1 U ), and hybrid (XBP1 H ) PCR products are indicated, as well as the sizes (nucleotides) of the XBP1 S and XBP1 U fragments.
polyacrylamide gel, and detected with ultraviolet light. FACE allows glycans from individual LLO species to be measured quantitatively, and can be used regardless of the medium's glucose concentration.
CHO-K1 cells (and CHO-K1-derived Fv2E-PERK cells; see below) underwent unrestricted G 3 M 9 Gn 2 -P-P-Dol synthesis in 0.5 mM glucose medium (Fig. S2 C and not depicted) . Synthesis of total [ 3 H] LLO in CHO-K1 cells with 0.5 mM glucose was inhibited by DTT and TG (Fig. 4) , but no breakdown products were observed (Fig. S2 C) . Importantly, no losses of G 3 M 9 Gn 2 -P-P-Dol were detected by FACE ( Fig. 4 ; increases were apparent, and are explored in Fig. S2 B) . PERK's activity was suffi cient to block G 3 M 9 Gn 2 -P-P-Dol consumption because 10 nM AP20187 strongly inhibited both protein (Fig. 5, A) (Fig. 5, B ) synthesis in Fv2E-PERK transfectants, but not in CHO-K1 cells, whereas G 3 M 9 Gn 2 -P-P-Dol detected by FACE was unaffected in all cases (Fig. 5, C) .
These results show that PERK's kinase activity is suffi cient to inhibit G 3 M 9 Gn 2 -P-P-Dol consumption under unrestricted conditions, just as it is suffi cient to drive extension of undermannosylated intermediates under restricted conditions (Fig. 2) .
PERK is necessary for inhibition of G 3 M 9 Gn 2 -P-P-Dol consumption by ER stress
The necessity of PERK was addressed because IRE1 has also been reported to attenuate translation in response to ER stress (Iwawaki et al., 2001) . HeLa S3 cells were transfected with siRNA duplexes directed against distinct regions of PERK mRNA. The PERK-A duplex was ineffective for RNA interference, and was therefore used along with sham transfection as a negative control. The PERK-B duplex effi ciently knocked down PERK mRNA (losses of 58 ± 3% with 5 h of transfection and 77 ± 1% with 16 h of transfection). Because some effects on cell viability were noticed with the 16-h transfection, subsequent experiments were done with 5-h transfections. DTT and TG each inhibited synthesis of protein and total [ 3 H] LLO under unrestricted conditions by about half in sham and PERK-Atreated cells (Fig. 6, A) , whereas the PERK-B duplex fully prevented DTT-and TG-induced translation arrest and [ Because eIF2α−Ser 51 can be phosphorylated by the kinase PKR in response to double-stranded RNA (Scheuner et al., 2001 ), the potential concern over the use of RNA interference was addressed with MEFs bearing two normal PERK alleles (PERK +/+ ) or two disrupted alleles (PERK −/− ). The results (Fig. 6 B) 
Pulse-chase analysis of LLO fl ux
PERK's effects on LLO fl ux might be explained entirely by a compensatory reduction of LLO consumption because PERK activity was replicated by attenuating translation with either CHX (Fig. 1) or activators of cytoplasmic eIF2α kinases (see the following section). As a more direct test of PERK's effect on LLO fl ux, we performed pulse-chase experiments with Fv2E-PERK cells. After incubation in the absence or presence of AP20187 or DTT, the cells were labeled for 2 min with [ 3 H]mannose in medium containing 1 mM glucose (which allowed G 3 M 9 Gn 2 -P-P-Dol to be made effi ciently, yet permitted suffi cient uptake of (Fig. 7, A and B) . By comparison, after activation of PERK with AP20187 or introduction of ER stress with DTT, [ 3 H]G 3 M 9 Gn 2 -P-P-Dol was the predominant LLO detected after 4 min of chase.
These results suggest that PERK may have a direct effect on LLO fl ux, in addition to the aforementioned compensatory effect on consumption. In contrast, there is no evidence that ER stress affects LLO capacity because in CHO-K1 cells in 10 mM glucose undergoing unrestricted G 3 M 9 Gn 2 -P-P-Dol synthesis (FACE analysis; Fig. S2 B) , G 3 M 9 Gn 2 -P-P-Dol quantity was not altered by ER stress (we did notice, however, that 0.5 mM glucose incubation caused an unexpected reduction of G 3 M 9 Gn 2 -P-P-Dol that was reversed by ER stress, perhaps because of reduced consumption). Specifi c activation of PERK's kinase activity in Fv2E-PERK cells with AP20187 also failed to alter G 3 M 9 Gn 2 -P-P-Dol content (Fig. 5) . Eukaryotes contain multiple cytoplasmic eIF2α Ser 51 kinases distinct from PERK (Scheuner et al., 2001) , suggesting an alternative way to modulate LLO biosynthesis. Arsenite (ARS) and diamide (DIA) induce transcription of the cytoplasmic stress marker HSP70 mRNA, but not the ER stress marker GRP78 mRNA (Table S1 , available at http://www.jcb.org/cgi/ content/full/jcb.200607007/DC1), which is a result opposite to that obtained with ER stress inducers (Shang et al., 2002) . By incubating dermal fi broblasts as described for Fig. 1 B, ARS and DIA greatly enhanced the extension of [ 3 H] LLO intermediates to G 3 M 9 Gn 2 -P-P-Dol (Fig. 8, A-C) , and diminished N-linked glycoproteins with undermannosylated glycans (Fig. 8, E-G) . Their effects rivaled those of DTT (Fig. 8, D and H) .
Because the effects of ARS and DIA on LLO synthesis correlated with their abilities to inhibit protein synthesis (Figs. S3 and S4, available at http://www.jcb.org/cgi/content/full/ jcb.200607007/DC1), but not with changes in mannose uptake or hexose-phosphate metabolism (not depicted), the requirement for eIF2α-Ser 51 phosphorylation was tested with eIF2α
and eIF2α A51/A51 MEFs (as described for Fig. 3 ). Disulfi ram (DIS), which is another cytoplasmic stress inducer (Table S1) , was included. All three agents inhibited protein synthesis in eIF2α S51/S51 MEFs (Table I) by at least half, and robustly promoted extension of [ 3 H] LLO intermediates (Fig. 9, A-D) . However, their responses were quite disparate in eIF2α A51/A51
MEFs. ARS failed to appreciably affect protein (Table I) or [ 3 H] LLO (Fig. 9 G) synthesis in eIF2α A51/A51 MEFs, showing that ARS acted mainly through an eIF2α-Ser 51 kinase, with a specifi city comparable to that of DTT (Fig. 9 , E and J). DIA and DIS both inhibited protein synthesis (Table I ) and promoted LLO extension (Fig. 9 , H and I) in eIF2α A51/A51 MEFs, but not as well as with eIF2α S51/S51 MEFs, indicating that they acted partly through ; right) were treated with TG or DTT, followed by protein and LLO synthesis measurements, as for A. Bars represent averages (± the SEM) of 3-5 or 6-9 replicates for TG and DTT, respectively, encompassing at least 2 independent experiments. eIF2α-Ser 51 phosphorylation, and partly through a second means of translation attenuation.
Collectively, translation attenuation by eIF2α-Ser 51 kinase activity explains the effects of cytoplasmic stress inducers on LLO synthesis, and represents a merge point with the mechanisms of ER stress inducers.
Discussion
How is the synthesis of G 3 M 9 Gn 2 -P-P-Dol controlled? Evidence exists for regulation of specifi c reactions in the LLO pathway (Kean et al., 1999; Banerjee et al., 2005) and for developmental induction of key enzymes (Lehrman, 1991; Crick and Waech ter, 1994; . However, mechanisms that might acutely regulate the pathway based on the availability of G 3 M 9 Gn 2 -P-P-Dol have been elusive. Because G 3 M 9 Gn 2 -P-PDol is ultimately needed for N-linked glycosylation, and hence ER homeostasis, processes that sense ER stress are candidate regulatory inputs for adjustment of G 3 M 9 Gn 2 -P-P-Dol synthesis.
This study shows that decreased synthesis of polypeptide acceptors by activation of PERK reduces LLO consumption and, consequently, enhances extension of LLO intermediates, replenishing G 3 M 9 Gn 2 -P-P-Dol (Fig. 10) . Because PERK is activated by extended periods of ER stress resulting from hindered G 3 M 9 Gn 2 -P-P-Dol synthesis, and hence, aberrant N-glycosylation (Harding et al., 2000b) , PERK can balance glycoprotein precursor polypeptide synthesis with LLO pathway fl ux. Thus, in addition to reducing ER stress by lessening the load of client protein, this mechanism allows PERK to ensure proper N-glycosylation of the polypeptides that continue to be made. The importance of this synergy is emphasized by a recent study showing that maintenance of favorable diffusional properties in the ER lumen is much more dependent on effi cient functioning of the lectin-chaperone system (which requires proper N-glycosylation) than the total load of polypeptide (Snapp et al., 2006) . In addition to decreasing LLO consumption, pulse-chase experiments suggested that PERK stimulates LLO fl ux itself. The mechanism responsible for this is unclear at this time.
Though used here to accumulate undermannosylated intermediates, glucose deprivation may also be a physiological cause of ER stress (Scheuner et al., 2001) . A 30-min reduction of glucose concentration to 2.5 mM (just below the typical fasting level of 4 mM) can cause signifi cant accumulation of LLO intermediates in fi broblasts (Gao et al., 2005) . Although the brief (20 min) incubations in low-glucose media used here Results from A and a second identically performed experiment were combined (all points are means ± the SEM). HPLC peak heights for M 5 Gn 2 and G 3 M 9 Gn 2 were normalized to mannose content, and G 3 M 9 Gn 2 percentages were calculated. Circles, control; triangles, AP20187; squares, DTT.
were insuffi cient to appreciably inhibit protein synthesis (unpublished data) or cause ER stress (Doerrler and Lehrman, 1999; Shang et al., 2002) , seminal studies showed that extended glucose deprivation can trigger an ER stress response, as well as interfere with protein glycosylation Shiu et al., 1977) . In our hands, incubation of dermal fi broblasts for 12 h in medium with 0.5 mM glucose (a restricted condition when used for only 20-30 min) triggered an ER stress response, and both G 3 M 9 Gn 2 -P-P-Dol synthesis and proper protein N-glycosylation were restored (Doerrler and Lehrman, 1999) . However, at such extended time-points, UPR-dependent transcription of LLO biosynthetic enzymes (Lehrman, 2006) and increased glucose transport (Doerrler and Lehrman, 1999) would be expected, as well as PERK, to participate in enhancement of G 3 M 9 Gn 2 -P-P-Dol synthesis. Other conditions that interfere with LLO synthesis (Elbein, 1987; Datema et al., 1987) include exposures to glucosamine and 2-deoxyglucose, which trigger ER stress responses Peluso et al., 1978; Qiu et al., 2005) , and to tunicamycin (Lehrman, 1991) , which induces ER stress and causes PERK-dependent translation arrest (Harding et al., 2000b) . In all cases, a compensatory role of PERK would be anticipated.
The vigorous effects of only 20-35% translation attenuation on LLO intermediates were surprising, suggesting infl uence by translational variations within the physiological range (Scheuner et al., 2001) . The failure to detect acute ER stress effects on LLO synthesis in eIF2α A51/A51 MEFs suggests that, absent of translational control, there may be no other strongly stimulatory mechanisms in these cells during the fi rst ‫03ف‬ min of the response. This also argues against G 3 M 9 Gn 2 -P-P-Dol metabolism being infl uenced by potential secondary effects of ER stress (such as misfolding of polypeptide acceptors or disruption of OT). LLO extension in ER stressed-dermal fi broblasts correlated temporally with loss of glycogen and elevation of glucosyl phosphates, suggesting that regulated glycogenolysis might elevate sugar precursor pools and drive LLO extension (Gill et al., 2002) . However, a direct link was not established. Given our current results, changes in glycogen metabolism do not appear to have major importance for regulation of LLO synthesis by robust ER stress in MEFs.
The mechanism for PERK reported in this study, termed "translational balancing" in Fig. 10 , does not involve complex ER stress-signaling pathways and may be analogous to regulation by other eIF2α kinases, notably HRI (Han et al., 2001) . Iron defi ciency hinders conversion of protoporphyrin IX to heme and releases HRI from its heme-inhibited state to phosphorylate eIF2α-Ser
51
. This, in turn, reduces α-and β-globin chain synthesis to balance hemoglobin synthesis with heme. In addition to reducing undesired malfolded globin chains (Han et al., 2005) , translational balancing should increase heme relative to protoporphyrin. Accordingly, translational balancing may be a simple, general mechanism by which eIF2α-Ser 51 kinases adjust metabolic pathways whose end products interact with newly synthesized proteins.
Translational control also has implications for the type I congenital disorders of glycosylation (CDG-I), which involve mutations in genes required for G 3 M 9 Gn 2 -P-P-Dol synthesis (Jaeken and Matthijs, 2001; Freeze and Aebi, 2005) , resulting in aberrant glycosylation of serum proteins. Fibroblasts from CDG-I patients exhibit several criteria of chronic ER stress, suggesting that their LLO defects may be partially offset by benefi cial effects of the ER stress response (Lehrman, 2006) . CDG-I may be amenable to correction, as G 3 M 9 Gn 2 -P-P-Dol production is not completely impaired because of the presence of at least one partially active allele. Because Ib is the only treatable subtype of the 12 CDG-Is (a-l; Niehues et al., 1998) , the compensatory effects of DIS (Fig. 9 ) are particularly interesting. DIS is a clinically approved drug used to discourage alcoholism (Fleming et al., 2006) , and is innocuous unless alcohol is consumed. Though toxic, ARS also has a history of therapeutic use (Kosnett, 2004) . In preliminary experiments with CDG-Ia fi broblasts, we noted that DIS, ARS, and DIA all had some ability to restore synthesis of G 3 M 9 Gn 2 -P-P-Dol, although the effects were highly variable (unpublished data), advocating further development of such agents.
In conclusion, we fi nd that PERK can balance ER glycoprotein synthesis with fl ux through the G 3 M 9 Gn 2 -P-P-Dol pathway. Upon accumulation of LLO intermediates, aberrant N-linked glycosylation would create ER stress and activate PERK. PERK's kinase activity would then reduce the load of glycoprotein precursor polypeptides, slow LLO consumption, facilitate extension of LLO intermediates to G 3 M 9 Gn 2 -P-P-Dol, and reestablish correct N-linked glycosylation. (A-E) or eIF2α A51/A51 (F-J) MEFs (Fig. 3) were left untreated (CON; A and F) or treated with 40 μM ARS for 1 h (B and G), 0.2 mM DIA for 5 min (C and H), 10 μM DIS for 2 h (D and I), or 2 mM DTT for 5 min (E and J). Incubations were continued for 20 min in medium containing the respective agents and 0.3 mM glucose, 10% dialyzed FBS, and 40 μCi/ml [ 3 H]mannose. [ 3 H] LLO glycans were analyzed by HPLC as in Fig. 3 .
Materials and methods
Reagents and cell cultures
All stress inducers were obtained from Sigma-Aldrich. An ARGENT Regulated Homodimerization kit containing AP20187 was a gift from Ariad Pharmaceuticals (www.ariad.com/regulationkits). [2- Cell culture media were obtained from Invitrogen, and sera were obtained from Atlanta Biologicals. CHO-K1 (Camp et al., 1993) , PERK-Fv2E-expressing CHO-K1 transfectants (Lu et al., 2004) , PERK +/+ and PERK −/− MEFs (Harding et al., 2000b) , eIF2α S51/S51 and eIF2α A51/A51 MEFs (Scheuner et al., 2001) , HeLa S3 (Elbashir et al., 2001) , and dermal fi broblasts (Doerrler and Lehrman, 1999; Shang et al., 2002) were obtained and grown in the culture media described. However, to aid adhesion, MEFs were grown on standard 100-mm tissue culture dishes pretreated with 10 ml autoclaved 0.1% type B bovine gelatin (Sigma-Aldrich) for at least 1 h. After removal of the solution, the dishes were dried for at least 30 min. ] LLOs were treated with weak acid to release water-soluble glycans, which were then fractionated and detected by HPLC with in-line liquid scintillation spectroscopy (Doerrler and Lehrman, 1999; Shang and Lehrman, 2004c) . The HPLC system resolves glycans on the basis of single-sugar differences, with the largest glycans eluting the latest. The proteinaceous pellets remaining after organic extraction were digested with pronase and N-glycanase (Calbiochem), and the released N-glycans were analyzed by HPLC (Shang and Lehrman, 2004c) .
Analysis of LLO glycans and N-linked glycans
For LLO pulse-chase studies with Fv2E-PERK cells, both [
